As the mechanisms controlling the amount and timing of growth saltations are not well understood, the identification of physiologic coupling in weight and length growth are important for further understanding normal growth biology. Thirty-four healthy infants (13 males, 21 females) participated in a longitudinal growth study during the first year. Weekly weights and s.c. skinfolds (limb and trunk) were analyzed in a growth eventfocused study. Coincident analysis tested the null hypothesis of chance concurrence between significant weight gain and saltatory length growth spurts. Logistic regression quantified this relationship and investigated the interaction between incremental weight gain and s.c. skinfolds on length growth spurts. The null hypothesis of random coincidence between weight gain and saltatory length growth was not supported. For girls, significant weight gain and length growth were coupled during the same week and length saltations were 42% more likely during the weeks of significant weight gain, with no interaction from s.c. skinfolds. For boys, length growth saltations were coupled to both previous and concomitant weight gain but were predicted only by previous weight gain, controlling for confounders. Boys were 68% more likely to grow in length the week following significant weight gain, and initial abdominal to suprailiac skinfold ratios conferred a 4-fold increased likelihood of length growth within the week, controlling for confounders. These data generate the hypothesis that a common growth signal cascade couples growth in weight and length/height with a time delay due to sex-specific biology, reflected in a s.c. fat fold interface. While weight and height growth have often been considered to be physiologically coupled (1), how weight gain is related to linear growth during normal infant development is not well understood. As the proximal mechanisms controlling discrete growth spurts are unknown, identifying metabolic influences from weight changes may be important evidence for better understanding the normal biology of growth.
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(Pediatr Res 58: 1238-1242, 2005)
While weight and height growth have often been considered to be physiologically coupled (1) , how weight gain is related to linear growth during normal infant development is not well understood. As the proximal mechanisms controlling discrete growth spurts are unknown, identifying metabolic influences from weight changes may be important evidence for better understanding the normal biology of growth.
Variability in the sequence of weight and height growth patterns have been reported among nutritionally challenged samples. For example, studies of catch-up growth in previously malnourished children have observed that, with the onset of supplementation, repletion of weight and/or weight for height preceded linear growth (2) (3) (4) . Seasonality studies have, likewise, identified alternating weight and height gains among infants and young children (5). These observations have been reiterated in an animal model that identified immediate weight gain in short-term fasted male rats after repletion, which preceded linear growth rate accelerations in the tibia (6) .
A logical proposition from these studies is that weight gain is a signal for linear growth. This is in line with a historical "filling and stretching" notion of the relationship between weight gain and longitudinal growth (7) . An offset in the timing of weight gain and linear growth may permit adipose tissue accrual to prepare the organism for growth via an adipocyte endocrine mechanism (6) . This viewpoint may, however, be biased by the nutritionally compromised circumstances of the samples. In healthy growing children, there may be multiple paths for fueling linear growth. Upregulating dietary intake and/or drawing from stored energy resources (body fat) are also possibilities. This may result in no weight change as energy is shifted from stored resources to build new tissue. At this time, the exact nature of cross talk between energy status and linear growth is unknown.
The present study aimed to investigate the temporal relationships between weight gain and length increments in healthy growing infants. The length variable used was saltatory growth spurts of total body length as previously established (8) . During this study, weight and multiple anthropometric measurements of the trunk and limbs were taken at weekly intervals across the first year. The novel aspect of the present investigation is that the time-intensive data collection protocol permitted event-focused study of growth as it occurred rather than as a continuous variable that might obscure the true relationship between weight and length growth increments.
The first question addressed in this investigation concerned the temporal relationship between significant weight gain and saltatory length growth and tested whether they were concurrent or sequential. Second, to investigate whether weight gain was merely a proxy for body energy stores, the interaction between incremental weight gain and s.c. skinfolds on length growth spurts was explored. As sex differences in weight and skinfold thickness have been documented from fetal life (9, 10) , the analyses were stratified by sex.
METHODS
Subjects and measurement protocol. Thirty-four infants (13 males, 21 females; 32 white, one Hispanic, and one African American) participated in a longitudinal growth study for durations ranging from 4 to 12 mo after parental informed, written consent of a Human Subjects' Committee approved protocol. During home visits, measures of the unclothed infants' weight were assessed weekly before eating (or 2 h after the last intake) with a Homs balance scale to the nearest 0.5 oz, calibrated before each measurement for a total of 1156 weekly weight measurements. All measurements were converted to grams for data entry. Seven limb and trunk skinfolds were measured at these times by the same observer (M.L.) with Holtain skinfold calipers (triceps, quadriceps, calf, subscapular, suprailiac, mid-axial, and abdominal) according to standard techniques (11) . A pilot study established the intraobserver technical error of measurement for all skinfolds as Ͻ0.2 mm based on 52 infants each measured two times with a 3-s compression time. This protocol was identified as the tolerance limit for multiple skinfold measures in a serial study of infants with measurement errors in line with previously published studies (12) . Semiweekly (n ϭ 21) and weekly (n ϭ 13) body length measurements were taken according to the maximal stretch technique as previously reported (13) . Daily parental diaries included real-time records of dietary intake and illness episodes of the infants (respiratory, gastrointestinal, atopic events and pediatrically diagnosed ear infections). The signs and symptoms of illness were verified by the researcher during home visits.
Data analysis. Previous research has documented a number of effects that may confound infant weight gain, including birth weight, gestational age, sex, feeding style, and illness episodes (14 -16) . The significance of each of these confounders was first investigated in separate models employing a mixedmodel regression with weight velocity z score as the continuous outcome variable, individual as the random effect, and each of the potential confounders as a fixed effect (xtreg, STATA 8). Feeding style and illness were coded as bivariate variables (presence/absence of predominant breast-feeding and presence/absence of illness during the measurement interval). As a continuous variable, all weight velocities were expressed as grams per day to account for the lack of exact 7-d intervals between measurements for all infants. All tests of significance were two tailed.
To test for significant co-occurrence between length saltations and weight increments, a trichotomous variable for weight change was derived. Significant weekly weight change was defined as Ͼ75 g determined from a pilot study (unpublished data) as the 95% reliability for weight change unaffected by intradaily bodily processes (urination, defecation, variations due to eating, or other diurnal activities). Thus, significant increments or decrements were weekly changes Ͼ75 g.
Because the saltatory length growth spurts of these infants are known to have occurred within a time frame shorter than 1 wk (8), the resolution of any temporal linkage between weight velocity and length growth depends on the timing between growth assessment and actual growth. Thus, a sequence of weight change and length growth might be evident either within a single measurement interval or with a time lag of one measurement interval with weight preceding length. Both possibilities were tested in separate analyses with the null hypothesis that correspondence between significant changes in weight and length were random. In theory, the relationship between weight and length could be either positive or negative, with length growth spurts requiring previous weight gain, accompanying weight gain, or leading to weight loss.
A coincident analysis approach based on specific probability algebra was used to test the null hypotheses that significant weight change preceded and/or was coincident with a length increment by chance (Hypergeo, Pulse-XP Michael Johnson, University of Virginia) (17) . Computer simulations calculated the expected means, variances, and probability distributions for purely random concordance between two independently regulated processes (weight gain and length increment). This method addresses problems associated with repeated-measures design and autocorrelation that can introduce spurious cross-correlational influences. The null hypothesis of random coincidence was rejected in the present study when it was 5% likely that the number of coincidences were due to chance alone. If this condition was met, it was likely that some kind of temporal coupling between the two processes (weight and length growth) could be inferred. The frame-shift analyses were conducted excluding the occurrence of length growth spurts in the preceding week to rule out the confounding of concordance. Analyses were run separately for significant weight increments and decrements.
This analysis was followed by a mixed-model logistic regression testing for significant weight change effects on body length growth spurts during the week as a dichotomous outcome variable (growth/no growth), with the individual as a random effect and age, breast-feeding, presence of concurrent illness, and initial weight as fixed covariates (xtlogit,
The question of whether weight itself was important or whether weight gain was a proxy for changes in body composition associated with "fueling up" and shifting energy resources to growth was addressed by entering skinfold measurements as covariates in the preceding model. This was explored for each skinfold as well as the abdominal-to-suprailiac skinfold ratio, a variable chosen based on the documented metabolic importance of these sites (18, 19) . Age, breast-feeding, presence of concurrent illness, and initial skinfold measures were included as fixed covariates. All analyses were stratified by sex.
RESULTS
After confirming normality of the data, the mean weights and lengths (Table 1) were compared with the U.S. sex-specific growth reference (Centers for Disease Control and Prevention, 2000). The sample was unremarkable in length, weight, and weight for length measurements throughout the first year of life. Boys' weight for length followed the median throughout the first year, with a mean length corresponding to the 50th percentile from birth to 6 mo of age, rising to the 75th percentile through the end of the first year. Their weight was at the 40th percentile at birth, then tracked the median from 3 to 9 months. The mean weight for length among girls was at the reference median at birth, dropped to the 25th percentile from 3 to 6 months, and matched the median from 9 mo. The mean female weight followed the median until 7 mo of age, then dropped to the 35th percentile at 9 mo for the remainder of the year. The mean female length followed the median throughout the first year.
There were significant sex differences in weight at birth controlling for gestational age (males Ͼ females, p ϭ 0.04). By 
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WEIGHT GAIN AND INFANT GROWTH SPURTS 10 d, these sex differences were no longer evident, but they re-emerged at 2 mo of age and continued across the first year. Although there were no significant sex differences in length before 3 mo, males were longer than females from 6 to 9 mo, ending the second half of the first year of life both longer and heavier than females (Table 1) . Breast-feeding was initiated by 24 of the 34 mothers; 16 continued to breast-feed for at least 4 mo. Weight-gain patterns were episodic and nonlinear as previously described for infants during their first year when measured at frequent intervals (20) . Controlling for age and weight at the beginning of a week, weekly weight velocity was greater among males than females (p ϭ 0.000) and breast-feeding was associated with lower weight gains, controlling for sex, age, and weight at the previous week (p ϭ 0.02), consistent with previous research (16) .
Temporal relationship between weekly weight velocity and length growth spurts. For the sample, significant weekly weight increments were found to be coincident with saltatory length growth spurts during the same week with a probability of coincidence by chance alone of 2.0 ϫ 10 Ϫ5 (Fig. 1 ). Stratified by sex, both males and females exhibited this pattern with the concordance between weight and length growth greater than expected by chance alone with probabilities of 0.01 and 0.0002 for males and females, respectively.
Significant relationships were also found between weight gain in the week before a length growth spurt for males by coincident analysis with a probability of 0.03 that this was due to chance alone. No such relationship was identified for females. Length growth was not associated more frequently than expected by chance alone with weight loss during either time frame for either sex.
Logistic regression also identified sex differences in the timing between weight gain and length growth spurts (Table  2 ). For females, saltatory length growth spurts were positively predicted by concomitant significant weight gain: Girls were 42% more likely to grow in length during the week they gained significantly in weight than in the weeks they did not. Males, by contrast, showed a trend in concomitant predictability with weight as the single predictor [odds ratio (OR) ϭ 1.29, p ϭ 0.10], but when confounders were added to the model, no coincident predictability was identified. Males were, however, 68% more likely to grow in the week following significant weight gain, controlling for confounders [OR ϭ 1.68, 95% confidence interval (CI) ϭ 1.04 -2.7, p ϭ 0.03].
The effect of s.c. skinfold measurements on the relationships between weight and length growth. Sex differences in the relationship between s.c. skinfolds and weight and length saltations were observed. No significant relationships between any s.c. skinfold measures and length growth spurts were found for females when these variables were entered as covariates. Among males, however, there was a trend for suprailiac skinfolds to positively predict growth within the following week. During the week of a growth spurt, the suprailiac skinfold was 20% more likely to decline than during weeks of no linear growth, with no effect from concurrent weight change. Moreover, the single best predictor of a growth spurt among males was the abdominal to suprailiac ratio at the onset of a week, which conferred a 4-fold greater odds of a length growth spurt in the coming week (Table 2) .
In summary, sex modified the relationship between weight gain and length growth spurts in this sample. For girls, significant weight gain and saltatory length growth were coupled during the same week, with no predictive relationship between s.c. fat folds and linear growth. For boys, length growth spurts were coupled to both previous and concomitant weight gain, but were predicted only by previous weight gain, initial abdominal to suprailiac skinfold ratio and concomitant anthropometric shifts in suprailiac skinfold, controlling for confounders.
DISCUSSION
In this sample of healthy growing babies, nonrandom relationships between weight gain and saltatory length growth Figure 1 . Saltatory length growth spurts (top) and significant weight gain (middle) are nonrandomly coincident (bottom) in this female infant over 56 wk from the third week of life. During 34 wk, significant weight was gained and in 20 wk, significant length increments occurred; 19 of the length increments were coupled to significant weight gain. The probability that this was due to chance alone was 0.0003. spurts were identified, supporting a coupled process between weight and length growth. Sex differences in timing were identified, characterized by a s.c. skinfold interface among males and a more direct relationship among females.
Females' saltatory length growth spurts were both nonrandomly coupled to weight gain and significantly predicted from weight gain within a weekly interval after controlling for potential confounders, with no significant s.c. skinfold interactions. While a turnover in female skinfolds may have been more rapid than could be identified by the weekly measurements in this study, little evidence to date supports this alternative.
Among boys, coincident analysis identified both concomitant and lagged relationships between weight gain and length growth spurts. With the addition of confounders, however, logistic regression identified no significant predictive relationships between weight gain and saltatory length spurts within a week's measurement interval. Instead, weight gain predicted saltatory growth spurts in the following week. The reasons for the difference between the coincident analysis and logistic regression results for boys are unclear. This may identify a greater sensitivity to confounding effects among males, although a firm conclusion cannot be made with the modest sample size that was available.
These results suggest the possibility of distinction between males and females in aspects of the pathways leading to the growth signaling cascade in line with sex-based differences in hormones and body composition described for children (21) . While there has been less attention paid to documenting growth hormone (GH) pulsatility patterns in early infancy directly, normal growth rates from birth reflect intact GH pathways (22, 23) , and sex differences in GH concentrations have been reported in neonates (24) .
Sex-specific GH pulsatility patterns may coordinate body composition, weight gain, and linear growth. The higher growth rates characteristic of males have been associated with the more regular male-specific GH pulse patterns of low troughs and high peaks (25) , while slowly growing children have been associated with the irregular female pulse pattern of high trough and low peak GH levels (26) . A number of differential liver metabolic processes are driven by these sex differences in GH pulsatility (25) and may contribute to the growth rate differences through body composition and downstream hormonal effects (27) .
The male pattern of weight gain, s.c. tissue, and length growth spurts found here is concordant with reports of an important role for abdominal adiposity in height growth among rapidly growing adolescent males (28) . Previous studies have identified dimorphic responses of s.c. abdominal fat to growth hormone pulses (29 -32) . Taken together with endocrinological observations of leptin and GH pulse synchronicity, these observations further implicate a role for leptin in the growth cascade (33) (34) (35) (36) , if by paths influenced by sex steroids. Whether the loss of suprailiac s.c. skinfold attendant with length growth spurts among the infant boys was due to mechanical stretching, shifts in body composition, or the depletion of a high-turnover site for energy was not identifiable in this study.
The present results identified that weight gain was coupled to saltatory length growth spurts in both boys and girls and suggest that this may have involved a sex difference in timing associated with s.c. fat utilization. These observations may be relevant to previous conflicting reports regarding simultaneity versus. lag in the relationships between the timing of weight and height growth (37, 38) , suggesting effect modification by sex differences and accompanying environmental sensitivities. Males' reliance on fat stores for growth has been reported to be greater than females in late gestation (10) , and phase shifts in weight and length growth have been reported to characterize the male fetus by contrast with copulsatility, more common among females (39) .
This study used data that were collected frequently to investigate relationships operating in very short time intervals. The number of children in the study was modest, but sufficient to have adequate power to identify meaningful differences and relationships and also to examine interactions of those relationships with sex through use of a stratified analysis. Because of the modest sample size of infants, the ability to examine other interactions with infant-specific factors was limited. These subjects were predominantly whiten and living under conditions that were not limiting to growth. Any extrapolation of these results to infants/children of other ethnic backgrounds and/or those living in poor environmental conditions should, therefore, be undertaken with caution.
Summary. The present data generate the hypothesis that a common growth signal cascade couples growth in weight and length/height. Furthermore, there may be a time delay due to sex-specific biology, reflected in a s.c. fat fold interface. Whether this is an additional step important in energy signaling or represents reliance on a shifting resources growth strategy requires further clarification. These observations may be a mechanistic basis for the observation that rapid infant growth carries with it subsequent health risk, particularly among males (40) . This study suggests the need for further research into the metabolic aspects of discrete growth events to investigate whether the patterns observed among the infants in this sample Significant models (variables p Ͻ 0.05) are shown in bold. * Model also controlled for age, concomitant illness, breastfeeding and weight at the beginning of the weekly interval.
† Model also controlled for age, concomitant illness, breast-feeding, weight, and skinfold thickness at the beginning of the weekly interval.
OR, odds ratio; CI, confidence interval.
occur more generally. Moreover, a focus on relationships among hormonal levels, body composition, and saltatory growth patterns may advance our understanding of normal growth biology and expand our appreciation of sex-specific effects.
